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The production mechanism of OH radicals in a pulsed DC plasma jet is studied by a two-
dimensional (2-D) plasma jet model and a one-dimensional (1-D) discharge model. For the plasma
jet in the open air, electron-impact dissociation of H2O, electron neutralization of H2O
þ, as well as
dissociation of H2O by O(1D) are found to be the main reactions to generate the OH species. The
contribution of the dissociation of H2O by electron is more than the others. The additions of N2,
O2, air, and H2O into the working gas increase the OH density outside the tube slightly, which is
attributed to more electrons produced by Penning ionization. On the other hand, the additions of O2
and H2O into the working gas increase the OH density inside the tube substantially, which is attrib-
uted to the increased O (1D) and H2O concentration, respectively. The gas flow will transport high
density OH out of the tube during pulse off period. It is also shown that the plasma chemistry and
reactivity can be effectively controlled by the pulse numbers. These results are supported by the
laser induced fluorescence measurements and are relevant to several applications of atmospheric-
pressure plasmas in health care, medicine, and materials processing.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4895496]
I. INTRODUCTION
Low-temperature non-equilibrium plasma jets driven by
pulsed DC high voltage have attracted considerable interests
as an efficient way to produce lots of active species, which
can be used in biomedical, health care, environmental, mate-
rials processing, and nanotechnology applications.1–8
Molecular gases, such as H2O, O2, and air are often added
into the noble working gas to increase the number density of
active species. OH is one of the most active species gener-
ated in moist gas mixtures. Knowing the production mecha-
nisms and measuring the absolute density of OH species will
help the adjustment of treatment doses, and allow for the
optimization of the plasma process for a specific application.
Recently, cavity ring-down spectroscopy (CRS) and
laser-induced fluorescence (LIF) have been employed to
measure the absolute density of OH species. Wang et al.
measured the OH density in multiple atmospheric pressure
microwave plasma jets by UV cavity ring-down spectros-
copy of the OH (A–X) (0–0) band at 308 nm. It was found
that the OH density ranged from 1.3 1012 cm3 to
4.6 1016 cm3 in the Ar, Ar/N2, and Ar/O2 plasma jets,
respectively.7 Xiong et al. measured OH density by LIF in
an atmospheric-pressure ArþH2O plasma jet sustained by a
13.56MHz power supply. The transition line P1(4) from
OH(A, v0 ¼ 1, J0 ¼ 3) ! OH(X, v00 ¼ 0, J00 ¼ 4) was used for
the LIF excitation. The absolute OH density was determined
to be 2.5 1019m3 at 1mm away from the jet nozzle.8
Wang and Srivastava also measured the OH density of the
RF plasma jet, and the maximum OH density near the tip of
the visible active discharge was found to be 5 1014cm3.9
Xiong et al. and Voracˇ et al. not only measured the OH den-
sity of pulsed DC plasma jets, but also analyzed the effects
of voltage polarity, applied voltage magnitude, pulse fre-
quency, and pulse width on the OH density.10,11 Two-
dimensional fluid model and zero-dimensional kinetic model
are employed to study the main reactions of OH. Recent
modeling of the He-H2O plasma jet driven by pulsed DC
high voltage revealed that the dominant source of OH radi-
cals is related to the Penning and charge transfer reactions of
H2O molecules with excited and charged helium species.
12
Plasma jets are usually operated in open air, where com-
plex reactions between noble gas, air, and H2O make it diffi-
cult to ascertain the dominant sources of OH production. In
this paper, a 2-D pulsed DC plasma jet model with Helium-
air-H2O reactions is developed to analyze the production
mechanism of OH species. The simulation results are sup-
ported by the LIF measurements. The effect of different gas
mixture ratios on the OH density is also studied. In addition,
the effect of the pulse number on the OH species density is
studied numerically and experimentally, which provides an
effective way to control the dynamics and chemical reactiv-
ity of the plasma jets.
II. PLASMA JET SIMULATION
The computational modeling tool used to simulate the
cold plasma jet was developed to simulate the propagation of
a helium plasma jet in open air.13 The core solvers comprise
a)Author to whom correspondence should be addressed. Electronic mail:
liudw@hust.edu.cn
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a coupled set of governing equations for charged and neutral
species continuity, electron energy transport, and self-
consistent electrostatic potential.14 In addition, the helium
and air mole fraction along the dielectric tube are calculated
by Navier-Strokes and convection-diffusion equations.15
Figures 1(a) and 1(b) show the mole fraction of helium
and H2O, respectively. According to the experimental mea-
surement by a handheld dew point meter (Phymetrix, DPT-
500), the H2O concentration inside the glass tube is 100 ppm.
This is attributed to impurity of our helium gas and the depo-
sition of H2O on the inner surface of the gas tube. The H2O
concentration in the open air is 3%, which corresponds to
95% humidity of open air. The mole fractions of N2 and O2
have the same distribution as H2O. Their peak values are
72.75% and 24.25%, respectively. The powered electrode is
a thin electrode embedded in the dielectric tube, and the
electrostatic potential for the far-field boundaries of the still
air ambient region is assumed the same as the ground poten-
tial [Figure 1(a)]. More details on the simulation domain and
other assumptions can be found elsewhere.13 The pulsed DC
voltage with amplitude of 2000V is applied at the embedded
electrode to initiate the plasma jet. The rising phase of the
applied voltage is 50 ns, which is the same as in the experi-
ment. The reactions between He and air are same as reported
previously.13,16 The main reactions in He-air-H2O mixtures,
resulting in the production of a number of species, including
OH, are shown in Table I.
Since the 2-D model is only applicable to a plasma jet
driven by a single high-voltage pulse, a 1-D model is used to
analyze the effect of a continuous pulse train on the OH spe-
cies production. The gap between the electrodes is 1mm.
Under the experimental conditions of this work, the voltage
repetition frequency is 8 kHz while the pulse width is 100ls.
The gas composition in the 1-D model is He 95%, N2 3.63%,
O2 1.21%, and H2O 0.16%, which is same as gas composition
in the centre of mixing layer of the plasma jet. The chemical
reactions of the 1-D model are same as in the 2-D model.
III. EXPERIMENTAL SETUPAND LIF DIAGNOSTICS
To verify the simulation results, a plasma jet device is
developed as shown in Figure 2. Its powered electrode is
wrapped around the dielectric tube. The inner and outer radii
of the tube are 2mm and 3mm, respectively. The horizontal
distance between the power electrode and the tube nozzle is
9mm. The powered electrode is driven by a pulsed DC volt-
age (amplitude 5 kV, pulse width 125 ls, rising phase 50 ns,
the duty cycle 4% (5ls)). The gas flow rate is controlled by
a mass-flow controller. The gas flows in the x-axis direction.
He (99.999% purity) is used as the working gas.
FIG. 1. (a) The molde fraction of he-
lium (the red rectangle inside the
dielectric tube is the power electrode,
and the boundary is grounded). (b) The
mole fraction of air.
TABLE I. Helium–H2O chemistry mechanism used in this study.
Helium-air-H2O chemistry (molecules-meters-Kelvin)
Reaction No. Reaction A B C Activation energy References
R1 eþ H2O ! 2eþ H2Oþ Cross section data 13.5 21
R2 eþ H2O ! H þ OH þ e Cross section data 0 21
R3 eþ H2Oþ ! H þOH 7.11  10–10 0.5 0 0 22
R4 eþ H2Oþ ! H þ H þO 3.1  1010 0.5 0 0 22
R5 OH þ H þM ! H2OþMa 4.3  1037 0 0 0 22
R6 Oð1DÞ þ H2O ! OH þ OH 2.2  1016 0 0 0 22
R7 OH þ OH ! Oþ H2O 2  1018 0 0 0 22
R8 Oþ OH! H þ O2 3.32  1017 0 0 0 22
R9 Oþ H þM ! OH þMa 1.62  1045 0 0 0 22
R10 H þ O2 ! OH þ O 3.55  1028 0 0 0 22
R11 OH þM ! Oþ H þMa 4.15  1088 0 0 0 22
R12 H2Oþ O ! OH þ OH 2.34  1021 0 0 0 22
R13 Heþ þ H2O ! H2Oþ þ He 6.05  1017 0 0 0 22
R14 He þ H2O ! e þ H2Oþ þ He 6.6  1016 0 0 0 22
R15b He2 þ H2O ! e þ 2Heþ H2Oþ 6  1016 0 0 0 22
aSpecies “M” in reactions R5, R9, R11 represents third-body species.
bThe tabulated reaction rates are given in the Arrhenius form.
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A dye laser (Radiant Dyes, NarrowScan) pumped by a
YAG: Nd (Continuum, SURELITE III-10) laser is used for
exciting OH radicals. The laser pulse duration is 5 ns and its
wavelength is 282.6 nm. The full width at half maximum
(FWHM) of the laser spectral bandwidth is approximately
2 pm. The cross-section of the laser beam is set to
2.0 0.5mm2 using a slit. The energy of the laser beam is
adjusted to about 100 lJ per pulse. The distance from the
intersection of the laser beam and the plasma plume to the
nozzle is fixed at 2mm (red dashed line in Figure 2). The flu-
orescence light is captured via an ICCD camera (Princeton
Instruments; Model: PIMAX2; exposure time down to
0.5 ns). The exposure time of the ICCD is set to 50 ns for all
the measurements presented in this paper. Moreover, the flu-
orescence signal is an accumulation of 500 pulses.
In order to measure the OH density produced by the first
pulse, the external trigger of the LIF measurements is oper-
ated in the burst mode. The time difference between the con-
secutive pulse trains is set to 20ms to ensure that OH
radicals produced in any preceding pulse train are fully con-
sumed before the next pulse train is triggered.10
IV. RESULTS AND ANALYSIS
The ionization rate shown in Figure 3(a) suggests that
the plasma jet propagated in the bullet mode.17 Since the
plasma bullet ran out of the tube nozzle at 82 ns, the propaga-
tion speed of the plasma bullet is 6.8 104m/s. The ioniza-
tion of He, N2, and O2 in the plasma jet is predominantly due
to energetic electrons.13 Moreover, this ionization takes
place in the helium-air mixture layer [Figure 1], with the ion-
ization domain of the ring-like shape. The dimensions of the
plasma channel deduced through the analysis of the electron
density distribution [Figure 3(b)] are consistent with the
plasma channel shown in the long exposure time image
[Figure 2]. The shrinking plasma channel in the radial direc-
tion inside the tube is due to the plasma sheath adjacent to
the inner surface of the tube.13 Although ionization of He,
N2, and O2 by energetic electrons is likely to be the main
mechanism in the bullet, the Penning ionizations of N2 and
O2 by He* dominate the ionization in the plasma channel
and produce enough electrons to maintain its conductivity,
so a strong electric field arises in front of the plasma channel
[Figure 3(d)].
The plasma sheath inside the tube not only compresses
electrons into a slim channel along the tube axis but also makes
OH concentrated in this channel [Figure 3(c)]. Although the
H2O concentration inside the tube is only 100 ppm, OH density
is 1.0 1018m3, which is a half of the peak OH density value
outside the tube. Besides the long lifetime of OH radicals,12
the comparison between the electron [Figure 3(b)] and OH
[Figure 3(c)] density distributions suggests that the energetic
electrons produced by the plasma sheath may result in higher
OH production rates inside the tube.
For the section of the plasma jet outside the tube, the OH
channel is wider than the electron channel [compare
Figures 3(b) and 3(c)], which is attributed to the higher
concentration of H2O in the gas mixing layer [compare
Figures 1(b) and 3(c)]. The OH channel in the ring shape
is consistent with the results of the LIF measurements
shown in Figure 5. The peak OH density in Figure 3(c)
is 2.19 1018m3, which is reasonably close to the value
1.8 1018m3 deduced from the experimental
measurements.
Figure 4 shows that the dissociation of H2O by electrons
(R2, eþH2O ¼> eþHþOH), recombination of H2Oþ by
electrons (R3, eþH2Oþ ¼> HþOH), and R6 (O(1D)þH2O
FIG. 2. The experimental image (0.3 s exposure time) of the plasma jet with
the similar configuration as in the simulation. The blue rectangle is the metal
electrode wrapped around the glass tube. The white dashed lines indicate the
glass tube. The vertical red dashed line is the position where the laser inter-
sects with the plasma jet.
FIG. 3. (a) The ionization rate (includ-
ing ionization of He, N2, O2 and H2O),
(b) electron density, (c) OH density,
and (d) electric field of the plasma jet
at 176 ns.
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¼> 2OH) dominate the production of OH species. The
electron-impact dissociation rate of H2O is 4 and nine times
higher than that recombination rate (R3) and the rate of reac-
tion R6, respectively. This is also a reason for the higher OH
production rates inside the tube. The contributions of reactions
R9 (OþHþM ¼> OHþM), R10 (HþO2 ¼> OHþO),
and R12 (H2OþO ¼> 2OH) to OH production appear to be
negligible. On the other hand, reaction R5 (OHþHþM ¼>
H2OþM) turns out to be the main OH loss mechanism. The
significant difference between the generation and loss rates of
OH radicals is the reason for the long lifetime of OH.
The effect of different working gases on the OH density
distribution has also been studied. Figure 6 shows the varia-
tion of the OH species distribution with different gas mixture
ratios. OH radicals mostly reside inside the tube for the case
of Heþ 0.5% O2 [Figure 6(b)]. The peak density of OH
inside the tube is 6.86 1018m3, which is more than three
times higher than outside the tube. The addition of O2
increases the density of O(1D), therefore, reaction R6
(O(1D)þH2O ¼> 2OH) dominates the OH production
and increases the OH density inside the tube. When the
working gas is changed to Heþ 0.5% air and Heþ 0.5% N2
gas mixtures, the peak OH density inside the tube decreased
to 1.97 1018m3 and 0.7 1018m3, respectively
[Figures 6(c) and 6(a)]. This confirms the contribution of
O(1D) species to the OH production in the high O2 content
region.
On the other hand, the addition of N2, O2, and air do not
significantly affect the plasma channel in the ring shape.
Indeed, the peak OH density outside the tube increased from
2.19 1018m3 [helium only, Figure 3(c)] to
2.29 1018m3 [Heþ 0.5% N2, Figure 6(a)], 2.4 1018m3
[Heþ 0.5% air, Figure 6(c)], and 2.43 1018m3
[Heþ 0.5% O2, Figure 6(b)]. Higher OH densities with addi-
tion of O2 into the working gas have also been observed in
microwave plasma jets.9 The addition of N2, O2, and air
increase the Penning ionization along the plasma channel.
Therefore, the peak electron density outside the tube
increased from 1.78 1018m3 [helium only, Figure 3(b)] to
2.09 1018m3 [Heþ 0.5% N2, Figure 6(d)], 2.1 1018m3
FIG. 5. Images of OH LIF intensity of the 1st pulse. The absolute density of
OH calculated according to LIF signal is 1.8 1018m3. The position of the
LIF measurement is shown by the red dashed line.
FIG. 4. Spatially averaged reaction rates of reactions related to the produc-
tion and consumption loss of OH at 176 ns. Reaction number is the same as
in Table I. Reactions R2–R12 are related to the OH species production,
while reactions R5–R11 are related to the OH consumption loss.
FIG. 6. OH density and electron density distribution at 170 ns with the working gas of Heþ 0.5% N2 (panels (a) and (d)), Heþ 0.5% O2 (panels (b) and (e)),
and Heþ 0.5% air (panels (c) and (f)) at 176 ns.
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[Heþ 0.5% air, Figure 6(f)], and 2.13 1018m3
[Heþ 0.5% O2, Figure 6(e)], which eventually enhance OH
production through the electron-impact dissociation of H2O
(reaction R2, eþH2O ¼> eþHþOH), as well as neutrali-
zation of H2O
þ by electrons (R3, e þ H2Oþ ¼> H þ OH).
H2O concentration also affects the OH density distribu-
tion. As the H2O concentration increases from 0.01% to 1%
[Figures 7(a)–7(c)], not only the high OH density region
moves to the position inside the tube, but the propagation
speed of the plasma jet also increases. The results in Figure
7(d) show that the OH species density inside the tube
increases from 0.99 1018m3 (0.01% H2O) to
2.53 1019m3 (1% H2O), which is attributed to the 200-
fold increase in the H2O concentration inside the tube.
During the pulse off period, the OH in the high density
region will eventually run out of tube with the gas flow.
For the mixing layer outside the tube, the H2O mole
fraction at 5mm from tube exit is 7.7 108 and 1.2 107
for the case of 0.01% H2O and 1% H2O, respectively. The
1.56 times increase in the H2O mole fraction in the open air
leads to the 1.45-fold increase in the OH peak density out-
side the tube. On the other hand, the higher H2O mole frac-
tion outside the tube increases the Penning ionization rates
of H2O (reactions R14 and R15 in Table I) from 70 mol/
(m3s) to 213mol/(m3s). Therefore, the higher electron den-
sity increases the electrical conductivity of the plasma chan-
nel and facilitates the propagation of the plasma jet.18–20 The
time for the plasma jet to reach the position of 12mm
decreases from 167 ns (0.01% H2O) to 121 ns (1% H2O),
which indicates the 27.5% increase in the plasma jet propa-
gation speed.
Besides the gas mixture ratio, the effect of the pulse
number on the OH radical density is studied. Figure 8 sug-
gests that the LIF signal intensity of the OH species
increased from 0.08 in the first pulse to 0.95 in the 11th
pulse, and then the LIF intensity remained stable during the
following pulses. This more than 10-fold increase in the LIF
intensity confirms the rapid increase in the absolute OH den-
sity during the first 10 pulses.
The 1-D numerical model can provide a better time re-
solution compared with the LIF measurements. With the
same set of the He-air-H2O chemistry as in the 2-D plasma
jet model, the OH density at the middle of the gas gap
increased from 105m3 (assumed background value) to
4.05 1018m3 during the first pulse, which is consistent
with the 2-D simulation and LIF measurement results
[Figure 9].
Although the 1-D model also shows higher OH produc-
tion rates than the OH loss rates, the flux of OH species
COH¼DOHrnOH, to the electrode represents another OH
loss channel, where DOH is the diffusion coefficient of OH,
rnOH is the OH density difference between the space steps.
This is why a boundary condition accounting for the loss of
the OH species on the wall is required to complement the
radical consumption reactions in the plasma. The large den-
sity difference between 1018m3 at 0.5mm and 105m3 on
the electrode makes the diffusion flux to the boundary con-
sume nearly 75% of the OH species during the pulse off pe-
riod. The OH density of 0.9 1018m3 at the end of the first
pulse facilitates a faster increase in the OH concentration
during the second pulse.
Furthermore, the following 11 pulses leads to an
increase in the OH density from 4.05 1018m3 to
6.6 1018m3, and the density remains stable at
6.5 1018m3. The OH density increase observed in the
simulation and experiment is likely because of the lower dif-
fusion flux to the electrode. Therefore, the 1-D model not
FIG. 7. The OH radical density distri-
bution at the H2O concentration of (a)
0.01%, (b) 0.1%, and (c) 1%. The peak
OH density values inside the tube and
outside the tube at different H2O con-
centrations (d).
FIG. 8. LIF intensity of OH radicals measured at different pulse widths.
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only confirms the reaction model of the He-air-H2O gas mix-
ture but also suggests that controlling the pulse numbers is
also an effective way to control the dynamics and reactivity
of the plasma jet, which is consistent with the results of LIF
measurements.
V. CONCLUSION
The production mechanism of OH radicals in a pulsed
DC plasma jet discharge has been studied numerically and
experimentally. The electron-impact dissociation of H2O
appears to be the most important reaction to produce the OH
species. The recombination of H2O
þ by electrons and disso-
ciation of H2O by O(1D) are also the main reactions to pro-
duce OH radicals. The addition of N2, O2, and air to the
working gas increased the OH density outside the tube
slightly, which can be attributed to the increased electron
density through Penning ionization. Higher concentration of
oxygen gas leads to a substantial increase in the OH density,
mostly through dissociation of H2O by O(1D). Although the
addition of H2O increases the OH density inside the tube dra-
matically, the OH radical density increases only slightly out-
side the tube, because of the effective diffusive gas mixing.
Adjusting the number of excitation DC pulses is also found
to be an effective way to control the plasma dynamics and
reactivity. The numerical simulation results are supported by
the laser induced fluorescence measurements. Finally, these
results are relevant to several applications of the pulsed DC-
driven plasma jets in health care, medicine, materials sci-
ence, and nanotechnology, where precise control of reactive
radical species is essential in enabling the required plasma-
surface interactions with a range of materials and biological
objects.
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FIG. 9. OH density of the plasma driven by continuous high-voltage pulses
(1-D model numerical result) at the 0.5mm position from the electrode.
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